Analyses using data from the plasma wave, plasma science, planetary radio astronomy, and magnetometer experiments onboard Voyager 2 covering the period October 1980 to August 1981 are shown to provide compelling evidence for and characteristics of a Jovian magnetotail extending at least to 9000 Jovian radii from the planet. Voyager 1 magnetic field and wave data from the same time period indicate that it was very unlikely that the distant Jovian tail was observed at that spacecraft. During approximately (25-day) periodic sightings of the tail by Voyager 2 the magnetic field tended to point radially towards or away from Jupiter, indicating preservation to large distances of the bipolar, lobelike structure observed near the planet, as in the earth's case. This periodicity, along with various properties of the solar wind at this time, indicates that the tail is apparently influenced by recurrent solar wind features. Anomalous magnetic fields, not aligned with the nominal tail axis, also exist within the tail, especially in the low-density, "central" (core) region, indicating some complexity of internal structure. Approximately centered at each of the tail encounter periods we see broad-scale plasma velocity, density, and field magnitude decreases; the latter are not expected for a quasi-steady tail structure but probably indicate tail expansion to the position of the spacecraft. On a finer scale the field increases across the inbound boundary as expected for an outward pressure imbalance. We argue that a possible contributor to the internal pressure of the tail is a considerable amount of tailward flowing plasma, in addition to the expected internal field pressure. Magnetic field variance analyses provide quantitative evidence for field line draping around the boundary of the tail and also show that internal tail field transverse variations occur. We suggest that the Jovian tail has a quasi-periodically variable Width (resembling a string of sausages) on a very long-length scale, tens of thousands of Jupiter radii, due to the influence of the •25-day radial variation of the solar wind pressure. The tail is also apparently filamentary to some degree.
Since a for the IMF is expected to have a value near 90 ø with high probability at these distances from the sun, the a criterion is a relatively good one for discriminating between candidate tail fields and the IMF. The horizontal bars under the PRA panel labeled "TAIL" were, for events 1 through 8, determined by an examination of PRA and PWS (for significant nonthermal continuum radiation amplitudes) and PLS (for unusually low densities); events marked K and P are from Kurth et al. [1982b] . By design, none of the TAIL regions were identified by MAG criteria. Table 1 lists the start and stop times for intervals 1 through 8. The "CORE" events from Kurth et al. [1982b] are based on inferred electron densities of less than 4 x 10 -2 cm -3 from the PWS continuum data and are usually well supported by correspondingly low PLS densities [Kurth et al., 1982b , Table 2 ]. The CONTROL sets shown at the top of the figure were chosen because of the absence of taillike features at those times, again according to PWS, PRA, and PLS data only, and collectively they have about the same duration as the sum of the tail events 1 through 8. Table 2 lists the start and stop times for these CONTROL intervals, which we believe have characteristics of typical solar wind regions at regions were on average usually close to 10 -1 cm -3 as expected at this radial distance. The overall agreement among the four data sets with respect to affirming encounters with the distant Jovian tail is very good, especially for events 1 through 6. These data show that during TAIL regions, (1) continuum radiation is detected by one or both of the PWS [see Kurth et al., 1982b] or PRA instruments, (2) density measured by PLS is either very low or relatively low with respect to neighboring regions, (3) lobelike magnetic fields are present, and (4) CORE regions exist for most major events. Whether events 7 and 8 are CORE or even TAIL events is controversial, and arguments concerning their legitimacy are given by Kurth et al. [1982b] . We retain them here as probable tail encounters, based mainly on the PLS and MAG data and to some degree on the wave data. Two outstanding features of Figure 2 should be stressed. First the events appear to occur nearly periodically; Lepping et al. [1982] compute an average period of 26.5 days between events. This periodic behavior and its apparent cause will be discussed below. Second, the occurrence of "toward" and "away" tail fields (with respect to Jupiter) obeyed a distinct pattern. The bottom two panels of the figure indicate that Voyager 2 was observing northern lobe fields during the tail encounters almost exclusively until about day 130 of 1981 when a crossover to almost purely southern lobe fields occurred. The reason for this crossover is not clear and could be due to a combination of effects. For example, as fReference code refers to code given in Table 1 shown by Kurth et al. [1982b, Figure 3] , the spacecraft never crosses the orbital plane of Jupiter and moves slowly with respect to that plane over the many months of interest here. So latitudinal change of the spacecraft in itself is not a likely candidate for this crossover. Either a large twist or tilt of the tail about the X axis (Figure 1 ) could explain it, since the closest approach point of the spacecraft to the expected average aberrated tail occurs only 3 weeks before day 130, i.e., within event 4, as the spacecraft travels "westward." However, Jupiter's rotational axis is tilted only ---3 ø with respect to its orbital plane, so this is not expected to cause a significant long-term average tilt of the tail. Effects in the tail due to the tilt of the magnetic dipole of Jupiter would be expected to be periodic and not likely to cause a single occurrence. Other large-scale twisting or tilting of the tail could arise from an as yet unexplained feature of the solar wind interaction with it.
Tail candidate events occurring between Voyager 2 Jupiter encounter and events K -K, shown at the beginning of From considerations of all four experiments, the most prominent events shown in Figure 2 are events 2 through 5. Event 2 has been discussed in detail by Scarf et al. [1981] and Lepping et al. [1982] and event 3 by Kurth et al. [1982b] . Event 4 will be discussed in a future paper. It appears to be the most complex event generally, was long lasting, was composed of fields of both lobes (mostly northern), and occurred near and around the average aberrated tail point (day 105). In another section of the present paper we shall discuss various features of (the May) event 5 which, in contrast to the earlier events, has intense continuum radiation and primarily southern lobe fields.
SOLAR WIND-TAIL INTERACTION
As mentioned above, prominent signatures of the Jovian magnetotail were observed nearly periodically every ---26 days. This quasi-regular reappearance during each 25-day solar rotation cycle must depend on the structural characteristics of the solar wind between 5 and 10 AU and on the nature of the wind-tail interaction.
Between the sun and a few AU the solar wind speed profile is dominated by the effects of discrete high-speed streams emitted from localized regions on the sun. Internal forces associated with the momentum flux of the streams and with related pressure gradients act to accelerate slow material and decelerate fast material [Burlaga, 1983a] . The result is a narrowing of the solar wind bulk speed distribution at large distances from the sun, with the wind speed tending to approach the mean value at all solar longitudes near the equatorial plane [Collard et al., 1982] . This leveling or destruction of fast streams is accompanied by the development of large-scale pressure ridges or waves [Belcher et al., 1981; Burlaga, 1983a,b] . Thus the solar wind is characterized more predominantly at these distances by alternating compressions and rarefactions, as seen in the plasma density and magnetic field magnitude observations, and less by velocity variations; the latter are found to be less pronounced and more irregular.
These characteristics are illustrated for the period of extended Jovian tail observations of interest here in the top three panels of Figure 4 , which show, from the top, the speed V, field magnitude B, and ion density N; note that speed determinations are not completely reliable for densities less than 10 -2 cm -3. At the bottom of the figure we include for comparison data indicating detection of the tail. The important features to note in Figure 4 are the lack of a clear, organized stream pattern at these distances (7-9 AU), whereas a pattern of correlated recurring magnetic field and density compression and rarefaction features is clearly in evidence. It is additionally obvious that the tail "events" had a strong tendency to occur during density minima, i.e., periods of rarefaction. As these also appear to have coincided with times of generally low to average wind speed, it is apparent that detection of the Jovian tail at Voyager 2 coincided with minima in the solar wind bulk flow pressure or "ram" pressure, pV:. This quantity is not plotted but should track the density N to a good approximation (see, for example, Figure 10 ). Also, since B and N are strongly correlated, as shown in Figure 4 , the solar wind magnetic field pressure B:/8,r is correlated with N; this is generally the case for the distant solar wind [Burlaga, 1983a, b] . Since the kinetic pressure of the solar wind is directly dependent on N also, the total pressure impinging on the tail boundary (i.e., a component of the ram pressure, the magnetic field pressure, and the kinetic pressure) will be strongly correlated with the almost periodically varing N, with an expected 25-day period. Field line draping around the earth's magnetopause is well known [Fairfield, 1967] . In an attempt to look for such draping for all of the Jupiter distant tail events, we performed a variance analysis of the field using data from day 310 of 1980 to 230 of 1981; a similar application of a variance analysis to Jupiter's magnetosheath fields was carried out by Lepping et al [ 1981 ] . It is appropriate to use such an analysis because we are searching for indications of fields constrained to lie approximately parallel to a boundary surface, and hence we wish to determine the normal (8) to that surface, i.e., the minimum variance direction. In particular, the variance analysis technique of Sonnerup and Cahill [ 1967] was applied to all hour averages of the magnetic field over this period for a series of overlapping 12-hour analysis intervals with the start hour progressively slipped by 3 hours for each calculated variance ellipsoid. The major axes of each ellipsoid were used for judging the quality and meaning of the estimated minimum variance direction.
MAGNETIC FIELD VARIANCE
Where %, a cone angle of a normal, is defined in the same manner as a was for the field itself, as shown in Jovian magnetotail phenomena, then our choice of a cutoff at a n -65 ø in the Voyager 2 variance analysis (appendix) is conservative, allowing few contaminating points. The bottom panel of Figure 4 shows the results of the Voyager 2 variance analysis. A vertical bar represents the percent of cases in a day for which our eigenvalue criteria are satisfied and for which a n > 65 ø. Notice the generally good correlation of cases with the tail regions of Figure 2 , and with the low density N and low field B regions discussed above. It is especially interesting that high percentages often occur adjacent to apparent boundaries of the tail regions, as draped fields would be expected to do. Similarly, they occur at density gradients where the spacecraft is entering or leaving the tail. It is equally noteworthy that high percentages of a n > 65 ø often occur throughout tail regions. From an examination of the most prominent events it appears that this is at least partly due to multiple tail or tail-filament encounters occurring throughout a given event, but some of this appears to occur when the spacecraft is inside the tail, i.e., where tail lobe fields are commonly seen; detailed examination of the May 1981 (number 5) event (discussed below) supports this view. Tail current sheets may tend to give a n -90 ø at these distances. Alternatively, if the tail field is oscillating in a transverse mode, either in latitude, longitude, or a combination with periods in the neighborhood of our 12-hour analysis interval (or conceivably several times longeD, then minimum variance normal directions would also occur near a n = 90 ø. This tends to add support to the assertion by Kurth et al. [1982b] In many respects the TAIL is intermediate between the CONTROL and CORE sets. In particular, the B distribution peaks midway between the values of the peaks for the other two sets, although it is narrow like the CORE B distribution. The X distribution has no discernable peak and is roughly comparable to a mixture of the other two X distributions. The •i distribution, however, is similar to that of the CONTROL set, and the SIG distribution is comparable to if not sharper than that of the CONTROL.
Possibly the mixed appearance of the TAIL set is due to the difficulty in identifying the exact boundaries of each event and partially to the long duration of the (1 hour) averages used in the analysis, but it is very likely that the tail field has a complex structure, i.e., it is not simply lobelike.
Examination of the individual events seems to confirm this.
In this regard, distribution of B, X, •i, and SIG were developed for each event separately before the summed distributions were formed, and for the most part, where statistically significant, the individual distributions resembled those shown in Figure 8 .
To summarize, the inner tail regions, presumably the CORE regions, have on average a lobelike magnetic field structure, but often they are much more complex and, in particular, possess unusually high field latitudes. The magnitude of the field in these regions is clearly lower, by a factor of •2 on average, than the external magnetosheath fieid.
This would be unexpected for an expanding tail, which appears to be its state for many of these events, or for a quasi-steady portion of the tail, assuming that the tail B field pressure is the principal contributor to the internal pressure; this apparent paradox will be discussed below. These inner tail regions have a much narrower spread of field magnitudes and SIG's than the external field. The TAIL set has properties of both the CORE and CONTROL sets, implying that it may indeed by composed of true tail fields plus magnetosheath fields. This should be expected if the tail has some significant filamentary structure, allowing samples of both types of regions to be observed over the many days of an event.
In the following correlation analyses it will be convenient to define the direction of the magnetic field in terms of a latitude angle /3, which is that angle between the magnetic field and the plane perpendicular to the Jupiter-spacecraft line with vertex at the spacecraft, as shown in Figure 3 . Hence, according to our earlier definition of a, we see that/3 -90 ø -a. As discussed earlier, changes in the solar wind apparently are responsible for the quasi-periodic appearance of the distant tail sightings, especially for the 1981 events, where here a sighting refers to an entire event and not simply part of an event, such as a filament encounter. To test quantitatively our impression that the various events arrived quasi-periodically according to variations in the solar wind pressure, an autocorrelation analysis was performed on the Voyager 2 magnetic field data for the first 230 days of 1981.
In particular, 12-hour averages of I/3 were autocorrelated for three cases: (1) /3 > 45 ø (before averaging), (2)I/3 < 30 ø (before averaging), i.e., the IMF case, and (3) for all /3. The top two panels in Figure 9 show the results of these analyses for cases 1 and 2 in terms of the correlation coefficient versus day lag, with case 3 results displayed in both panels for comparison. Notice that both cases 1 and 3 are in rather good agreement at all lags and have a distinguishable peak at a lag of 25 days, which is the sidereal solar rotation period; no adjustment of this period because of spacecraft longitudinal motion is necessary at these distances from the sun. (As mentioned above, a simple average of the intervals between successive 1981 events yields an average event periodicity of 26.5 days [Lepping et al., 1982] , in support of the 25-day peak derived here.) By contrast, case 2 shows no noticeable agreement with case 3 and few prominent peaks, the one at 25 days being not significantly higher than others.
We conclude that the field direction at this time is generally (case 3) influenced by quasi-periodic solar wind pressure structure, as presumed, and that using a data set in which a tail encounter is more likely (case 1) yields the conclusion that the occurrence of taillike fields at the spacecraft's location is similarly influenced by corotation effects. By contrast, using the set in which a tail encounter is very unlikely (case 2) shows a very weak, if not negligible, relationship to corotating structure.
The correlation of high-amplitude PRA continuum radiation at 1.2 kHz with lobelike magnetic fields, as shown in Figure 10 , which shows /3 > + 60 ø (darkened region) after entering the tail. Hence the inbound magnetopause was very broad, had characteristics of a tangential discontinuity, and had a properly directed normal, confirming its identification.
DISCUSSION
We discuss here three major issues in the following order: (1) the structure and dynamics of the distant tail and how they are related to seeing it approximately every 25 days, (2) the question of pressure balance or imbalance across the boundary of the distant tail in relation to observations, and (3) the possibility of Saturn being in Jupiter's tail during the Voyager 2 encounter.
Structure and Dynamics
It is planned that a future paper will comprehensively discuss the dynamics of the distant tail, but here we briefly develop a preliminary and qualitative view. Where P refers to total external pressure, the model shows qualitative but plausible width dimensions when the tail is in a low-P region near Saturn, i.e., in a high-P region near Jupiter (shaded area), and when it is in a low-P region at Jupiter (dashed curve). MP refers to the magnetopause boundary. (bottom) Cross-sectional views of the tail for the two situations. The oval shape is due to the probable contribution of anisotropic B pressure to P (see text).
ly, or the encounter regions would have had a more random occurrence pattern. On the contrary, most tail regions were fairly well defined, lasted many days, and had bipolar, lobelike magnetic field structures, but as the statistical study showed, they also contained other complicated field structures. In summary, according to this view the spacecraft is found inside or outside of a sausage string shaped, slightly filamentary magnetotail, depending on how close it is to the sun-Jupiter line and on the phase of the solar wind total pressure variation, as discussed in connection with Figure 4 . This is consistent with the "time symmetry" model of Lepping et al. [1982] . Figure 12 (upper portion) shows a summary cartoon of a portion of the tail out to the orbit of Saturn in a Jupiter orbital plane view. Also shown are the major tail encounter points along the Voyager 2 trajectory, which on average occur every 25 days, twice the time it takes for the solar wind total pressure to wax and wane as experienced by the tail boundary. The sketch is shown for the case when the external pressure is at maximum near Jupiter (shaded area) and for when the external pressure is at a minimum near Jupiter (dashed curve). In the bottom portion of the figure, idealized oval cross-sectional shapes are shown for the two situations, where we speculate that the north-south total pressure exceeds the east-west total pressure due to the significant contribution of the external B pressure anisotropy from a highly probable Parker spiral field (L. Burlaga, private communication). Such oval cross-sectional shapes are expected to be likely at all distances from Jupiter, since in general the solar wind plasma beta is relatively low over the tail's entire length, but the degree of north-south flattening is unknown. 4. The tail is probably many times longer than the greatest distance at which it has been observed and therefore has a sausage string appearance due to solar wind pressure variations (Figure 11) . The cross section at any given distance is probably oval shaped with a north-south dimension shorter than the east-west dimension, due to external B pressure anisotropy (L. Burlaga, private communication).
5. Based on indirect evidence, it is at least moderately probable that Saturn was in Jupiter's tail during the Voyager 2 Saturn encounter. Recent direct evidence from Saturn kilometric radiation data adds considerable weight to the possibility [Desch, 1983] .
We mentioned here outstanding problems that barely have been addressed in this work. Presently the composition of the tail plasma is unknown; without such knowledge, computations of internal pressure will be in some doubt, and the core regions need further analysis and understanding. Are the cores, where N is very low, analogous to the earth's plasma sheet in that they appear to occur at "neutral sheet" regions where B is also low? Must they contain low-density hot plasma to provide the needed internal pressure to resist collapse? For example, as pointed out by Kurth et al.
[1982b], an as yet unmeasured plasma component in the core with a density of---10 -3 cm -3 and a temperature of---10 keV would be sufficient to provide the needed internal pressure. These questions probably have an affirmative answer, but clearly more must be done in this area.
APPENDIX
To supplement the text on the Voyager 1 and 2 (survey) magnetic field variance analyses, specific information on percent of useful data and other restrictions are given below.
Only minimum variance normals for which El/E2 • 30 and E2/E3 -> 2.0 were retained in the survey variance analyses, where El, g2, and E3 are the maximum, intermediate, and minimum eigenvalues (variances), respectively; all others were of too poor a quality to define accurately the maximum variance plane [see Lepping and Behannon, 1980] . Optimum Voyager 2 results occur for a separation angle of a• -65 ø, i.e., for a• -> 65 ø, the derived normals appear to be predominantly tail associated. This is consistent with lobelike fields occurring predominantly for a < 30 ø and a > 150 ø, since the fi should be approximately perpendicular to these fields via the draping mechanism. Out of 287 days, 1919 normal estimates (84%) were obtained; data gaps precluded getting the full 2296 (24/3 x 287) possible. Of these 1919 estimates, 1304 cases, or 68%, remained after elimination on the basis of the two eigenvalue ratio criteria.
For Voyager 1, out of the 150 days, 964 minimum variance normal estimates resulted, i.e., 80% of the attempted 1200 estimates. Of these 964 estimates, 590 cases, or 61%, remained after elimination on the basis of the eigenvalue ratio criteria, and of these only 7% satisfied a• > 65 ø.
